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The smaUness of the quark sector parameters and the hierarchy between them could be the 
result of a horizontal symmetry broken by a small parameter. Such an explicitly broken 
symmetry can arise from an exact symmetry which is spontaneously broken. Constraints 
on the scales of new physics arise from new flavor changing interactions and from Landau 
poles, but do not exclude the possibility of observable signatures at the TeV scale. Such 
a horizontal symmetry could also lead to many interesting results: (i) quark - squark 
alignment that would suppress, without squark degeneracy, flavor changing neutral cur- 
rents induced by supersymmetric particles, (ii) exact relations between mass ratios and 
mixing angles, (iii) a solution of the ^-problem and (iv) a natural mechanism for obtaining 
hierarchy among various symmetry breaking scales. 
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1. Introduction 

Quark mass ratios and mixing angles have two intriguing features: The smallness 
of most of these parameters and the hierarchy among them. The hierarchy in the quark 
mixing angles is clearly presented in the Wolfenstein's parameterization of the CKM 
matrix: 

^CKM = -A 1 - ^ \ (1-1) 

\\^A{1- p + ir]) -X^A 1 / 

The hierarchy is reflected in the dependence of the various entries on different powers of 

A ~ 0.2: all other quantities are experimentally determined to be of order one, i.e. A is of 

order 1 while p and rj are between A and 1. The order of magnitude of the three mixing 

angles is therefore given in powers of A: 

|Ks|~A, l^cbl-A^, \Vub\^\^-\\ (1.2) 

The hierarchy among the quark masses can also be expressed in powers of A. The low 
energy (~ 100 GeV) values are 

mu/mc ~A^ - A"^, rric/mt ~ A^, 

md/rus ~A^, rus/mb ~ A^, (1.3) 

rrib/mt ~A^ - A^, mt/ {(pu) ~ 1- 

The exact power of A for each of the mass ratios may vary a little, depending the top mass, 
and on the exact value one chooses for A in the range 0.20 — 0.22. Furthermore, all the 
parameters run under the renormalization group and therefore, the order of magnitude 
estimates ( |1.2| ) and (|T]^) depend on the scale. Assuming that only the top quark Yukawa 
coupling is large and using the one loop renormalization group with the particle content of 
the minimal supersymmetric standard model, we find that the only changes in our order 
of magnitude estimates at a high (~ 10^^ GeV) scale are: 

rric/mt ~ A^ - A'^, rrib/mt ~ A^. (1.4) 



We would like to make two comments about the estimates in ( |1.3| ): 
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(i) It is possible that as deduced from first order chiral Lagrangian predictions reflects 
non-perturbative strong interaction effects rather than the value of the high energy 
parameter 0. In particular, it could be that the bare rriu vanishes, thus providing 
a solution (which is natural in our framework [Q) to the strong CP problem. The 
phenomenological viability of this scenario is controversial. 

(ii) The small ratio ^ may be a result of a large ratio of VEVs, tan /3 = ~A~^ — A~'^, 
or it may be the result of a small ratio of Yukawa couplings when tan /3 ~ 1 . 

For the large part of our study, these two points are not crucial, and we use mu/rric ~ A^ 
and tan/3 ~ 1. 

As articulated by 'tHooft [^, small numbers are natural only if an exact symmetry is 
acquired when they are set to zero ("naturalness"). Therefore, both the smallness of the 
quark sector parameters and the hierarchy among them may be related to a symmetry - a 
horizontal symmetry Ti that acts on the quarks (for recent discussions, see e.g. [H). Such 
a horizontal symmetry may be responsible for the hierarchy, if it is explicitly broken by an 
operator in the Lagrangian whose coefficient is the small parameter A. The transformation 
laws of A under Ti control the order in perturbation theory of the various elements in the 
quark mass matrices and, consequently, some parameters depend on powers of A higher 
than others, namely a hierarchy can be generated. This phenomenon is common in atomic 
physics, nuclear physics and particle physics and is known as "selection rules." 

The next step is to understand the origin of this explicitly broken Ti. Several different 
mechanisms can exist. Here we focus on the possibility that A is promoted to a quantum 
field which has an expectation value. This expectation value spontaneously breaks the exact 
symmetry Ti. More precisely, we add a scalar field S whose expectation value {S) breaks 
Ti. The small numbers in the Lagrangian appear then as powers of the ratio A = where 
M is a higher energy scale at which the information about 7Y-breaking is communicated 
to the light fermions. 

The organization of this paper follows this logic. First in sections 2 and 3 we consider 
an explicitly broken Ti and examine its consequences. The simplest framework, that of 
an Abelian groupB, Ti C U{1), and a single small breaking parameter A, is described in 

^ We do not study non- Abelian symmetries. An example of a non- Abelian model is presented 
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subsection 2.1. There is an essentially unique model in this framework. The next-to- 
simplest symmetry, Ti. C U{1) x U{1) with two small breaking parameters (one for each 
U{1)) opens up interesting possibilities: First, the hierarchy in the quark parameters can be 
achieved with lower powers of the small parameters. This is demonstrated in an example in 
subsection 2.2, that is the basis for an interesting high-energy model to be presented later. 
Second, we can acquire highly suppressed entries in the quark mass matrices. This may lead 
to suppression of FCNC induced by squark-gluino diagrams. We explain this mechanism 
('Quark - Squark Alignment') |^ in subsection 2.3. Phenomenological constraints are 
discussed in subsection 2.4. 

The possibility of acquiring zero or highly suppressed entries in the quark mass matri- 
ces allows relations that go beyond the naive order of magnitude estimates. The possibility 
that \Vub\ <^ iKisKbl (rather than of the same order of magnitude) is discussed in subsec- 
tion 3.1, while close to exact relations between mixing angles and mass ratios are obtained 
in subsection 3.2. 

Sections 4 — 6 are concerned with the embedding of the low energy effective theory 
with explicitly broken horizontal symmetry in a more fundamental theory. As mentioned 
above, the most natural theory takes Ti. to be an exact symmetry, spontaneously broken 
by the VEVs of scalar fields. The mechanism, its phenomenological consequences and 
constraints on the scale of spontaneous symmetry breaking are described in section 4. A 
very plausible explanation of the physics at the scale M, where the information about the 
spontaneous breaking is communicated to the light fermions, was suggested by Froggatt 
and Nielsen and was further studied in references and M is the mass scale for 
heavy mirror quarks. The scalars responsible for the breaking couple the heavy sector to 
the light one. This mechanism, its phenomenological consequences and constraints on the 
scale M are studied in section 5. The existence of extra supermultiplets affects the running 
of the various gauge couplings. In section 6 we investigate the constraints that follow if 
we assume that there is no further new physics between M and the Planck scale Mp and 
require the absence of Landau poles. This analysis allows us to address the important 
question of whether flavor physics may be directly observed in future experiments. 

in reference 
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Our full framework requires that there are several new scales of physics between the 
SUSY breaking scale and the Planck scale. In section 7 we study the ?i-invariant Higgs 
potential and suggest a mechanism that can naturally generate the required hierarchy. 
Furthermore, this mechanism automatically solves the "/U-problem." A discussion of our 
results is given in section 8. 

Our discussion proceeds from low energies to high energies. At every step describing 
the physics at higher energies we add more assumptions which lead to more constraints. 
It is possible that our ideas about some energy scale will turn out to be correct while the 
speculations about higher energies will turn out to be wrong. 



2. Models of Explicitly Broken Horizontal Symmetry 

2.1. The Master Model 

The simplest framework to explain the order of magnitude relations and ( |1.3| ) 

is that of a horizontal symmetry Ti = U{1)h, with a small breaking parameter A ~ 0.2. 
Terms that break H by n(> 0) units of charge are suppressed by A"^. In the full Lagrangian, 
we require that is a discrete subgroup, Zn C U{1). Then terms that break Tihj n> N 
units of charge are suppressed only by A' for / = n mod A^. In most of the cases that we 
are interested in, A^ is large enough and this does not happen. Therefore, for convenience, 
we will treat 7i as a continuous U{1) symmetry. In the few cases where the discreteness 
of the symmetry does play an important role, we explicitly point out its effects. 

We will usually restrict ourselves to supersymmetric theories (with supersymmetry 
broken by soft terms). Then terms in the fermion mass matrices that break the horizontal 
symmetry by n < units of charge vanish. This is due to our assumption that A is a 
(single) coefficient of an operator which explicitly breaks Ti and the fact that the effective 
superpotential is holomorphic in the coupling constants of the theory (no powers of A^). 



This is a special case of the non-renormalization theorem of reference . If more than one 
small A which break the same symmetry exist, say one with negative charge and another 
with positive charge, then such terms need not vanish. The consequences of this fact will 
be discussed below. 



We use the following notation for the various fields and their interactions. Qi denote 
the left-handed quark doublets and di {ui) denote the left handed anti-down (anti-up) 
SU{2) singlets, and are the Higgs fields of hypercharge —1/2 and +1/2, respectively. 
The Yukawa couplings are denoted by and 1"^, and the mass matrices by M*^ and M". 
The Yukawa interactions are then given by 

Cy = Yf^(PdQ^dJ + Yt,M^UJ. (2.1) 

The interaction ( p.l|) has an accidental U{1) symmetry, which we call U{l)x- Under 
this symmetry (^a carries charge —1, the di fields carry charge +1, while all other fields 
carry vanishing X charges. The U{l)x symmetry must be explicitly broken in other sectors 
of the Lagrangian, since otherwise its spontaneous breaking at the weak scale implies the 
existence of an unwanted axion. Despite being broken, U{l)x turns out to be extremely 
useful. First, using f/(l)x, hypercharge and baryon number symmetries, we can set the 
horizontal charges of 4>d and Qa to zero. As long as we restrict our discussion to 
U{l)x invariant terms in the Lagrangian, such a horizontal charge redefinition is justified 
and simplifies the analysis considerably. Second, the existence of U{l)x in the Yukawa 
sector implies that QCD anomalies pose no problem to our horizontal symmetries. It is 
always possible to find a horizontal symmetry 7i C 7i x U{l)x that restricts the quark 
mass matrices in precisely the same way as does Ti but is free of QCD anomaly. We discuss 
this point in detail in subsection 4.3. 

The order of magnitude of the Yukawa couplings is determined by their horizontal 
quantum numbers. Assuming positive (or vanishing) horizontal charges to all quark fields 
one finds 0: 

Y'^- ~ xH{Qi) + H{d,) _ y^H{Qi) + H{u,) _ 

The mixing angles and mass ratios can then be estimated: 

\V^j \ ~ X^H(Q,)-H(Q,)\^ 
~ XH{Qi)-H{Qj)+H{di)-Hidj) ^ ^ _ ^H{Qi)-H{Qj)+H{u,)-H{uj) 

(Both (|2.3| ) and ( |2.4|) are given here for i < j.) 
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(2.3) 
(2.4) 



The order of magnitude estimates ( p. .21) and ( pT3| ) then determine a unique set of 
if-charges for aU quark fields (when we take@ mu/Tric ~ A"^, mh/rrit ~ A^, tan/3 ~ 1): 



(2.5) 



Qi Q2 Qs di d2 ds ui U2 U3 
(3) (2) (0) (3) (2) (2) (3) (1) (0) 

With these charges the mass matrices have the order of magnitude entries 

/A6 A5 A^A /A^ A4 A3\ 

~ {(Pd) { A4 AM , ~ A^ A3 A2 . (2.6) 

VA3 A2 A2/ \A3 A 1 / 

It is straightforward to check that these mass matrices indeed lead to mixing angles and 
mass ratios as given in (|1.2|) and (|1.3|) . We also note that the determinants of the mass 



matrices are 

detM'^ ~ {(pdfX^^, detM^ ~ {(pufX^. (2.7) 

The powers of A in these determinants will be of importance in the discussion of the 
embedding of the model in a high energy theory. 

How predictive is this framework? We have made eight discrete choices of charges and 
explained the order of magnitude of nine physical (continuous) parameters {'mt/{(j)u) ~ 1, 
rrib/mt ~ A^, the four mass ratios of eq. (|2.4|) , and the three mixing angles of equation 
( p.3| )). This means that the model predicts a single order of magnitude relation. Indeed, 
we find 

IWKbl ~ \Vus\ (2.8) 



independent of the choice of charges. The Particle Data Group quotes [IT^ 



\Vub/Vcb\ = 0.10 ± 0.03, iKsl = 0.22, (2.9) 
consistent with ( p.8|) . Recently, however, the CLEO collaboration announced a new mea- 



surement 13 



\Vub/Vcb\ ~ 0.05 - 0.10. (2.10) 

We remind the reader that there is a strong theoretical model dependence in the extrac- 
tion of |Ktb/^c&| from the experimental data. However, if it eventually turns out that 



It is trivial to modify the charges for the other possibilities. 



~ A^, it will pose a problem to the naive master model presented here. In sub- 
section 3.1 we show how the relation ( p.8|) can be avoided in a more sophisticated model 
within our framework. 

We take Ti. to commute with Supersymmetry. The alternative, that 7^ is an R sym- 
metry will be briefly discussed below. Then the charges (|2.5| ) are common to complete 
supermultiplets. This determines the form of the squark mass-squared matrices as well. 
We denote these by M'^^ and M"^, and divide each to 3 x 3 sub-matrices: 



The sub-index L (R) refers to the scalar partners of the quark doublets Qi (singlets di or 
Ui). The leading contributions to the diagonal blocks arise from A-type SUSY breaking 
terms, while the leading contributions to the off diagonal blocks arise from soft SUSY 
breaking terms analytical in the flelds. This leads to two important differences between 
the diagonal and the off-diagonal blocks: (i) Entries in the diagonal blocks that break 7i 
by n units of charge are suppressed by A'"^', whether n is negative or positive. In the 
off-diagonal blocks such entries are suppressed by A'^ for n > 0, but vanish when n < 0. 
(ii) The entries in the diagonal blocks are proportional to (m is the scale of SUSY 
breaking) while those in the off-diagonal blocks are proportional to rri{(pq). If m ^ (^5)5 
the off diagonal blocks are negligible to all our purposes. 
The charge assignments ( |2.5| ) give 



Mil ~ M^L ~ A 1 AM , (2.12) 




Mf« ~ A 1 1 1 M^lr^rh'l 1 A 1 , (2.13) 




mMf,., (Mi:|),,~mM". (2.14) 























A2 


A3 




1 


A 




A 


1 







We remind the reader that all entries are order of magnitude estimates and not exact 
numbers. (In particular, the diagonal elements in each of M'^'^ and M^'^ are all of order 
but not equal to each other.) However, for rfi considerably higher than the electroweak 



breaking scale, the approximate equality Mf^j^ ^ ^ll holds to 0{{(j))'^ /m^) and not just 
as an order of magnitude estimate. 

If 7i is an i? symmetry, the diagonal blocks Mfj^, ^mi^ ^ll ^mi unchanged. 
The off-diagonal blocks are different and, unlike eq. ( p.l4| ), their suppression by powers of 
A is not the same as for the corresponding elements in the quark mass matrices. Then their 
effects on FCNC can be significant (even though they are suppressed by ((^)/m). Thus, 
our discussion of quark - squark alignment in subsection 2.3 does not apply in general to 
horizontal R symmetries. 

2.2. Models with U{1)hi x U{1)h2 Symmetry 

Models with a more complicated symmetry structure than a simple ^7(1) offer new 
possibilities in constructing mass matrices. All the important features of such symmetries 
are already present in the simplest extension, 

n = U{l)H, x[/(1)h„ (2.15) 
with two small breaking parameters: 

^ AP, £2 ~ (2.16) 

where q > p > 1. 



Let us compare a model with the horizontal symmetry (|2.15| ) to the master model of 
the previous section. A quark field that carries charge H in the master model, must carry 
charges {Hi,H2) under ( |2.15| ) such that 

H = pHi + qH2. (2.17) 

We note the following points: 
(i) The choice of {Hi, H2) is, in general, not unique. Thus, unlike the master model, for 
each horizontal symmetry of the type ( |2.15| ), there are several models (namely, sets of 
charge assignments for the quark fields) that produce the same hierarchy in mixing 
angles and mass ratios. 



(ii) Consider the determinants of the mass matrices. For example, 

detM*^ = e,^^H,{Q,)+Hi(d.))^J2,iH2{Q.)+HM)^ (2.18) 

to be compared with the master model 

detM"^ (master) = (2.19) 

Since g > 1, it is trivial to show that the sum of powers of the e^'s in the new model is 
smaller than the power of A in the master model. When we later study the underlying 
theory, we will find that the lower the power of e, the weaker is the lower bound on 
the horizontal physics scale. 

(iii) In the master model, all entries in the mass matrices have their naively expected 
values. In the model of eq. ( |2.15| ), some entries are suppressed and would vanish if 
the horizontal symmetry were continuous. For example, Mfj would vanish if either 
Hi{Qi)+Hi{dj) < or H2{Qi)+H2{dj) < 0. Such suppressed entries open interesting 
possibilities. In particular, we find that it is possible to solve the problem of the squark- 
gluino box diagram contribution to neutral meson mixing without requiring squark 
degeneracy (see next subsection). Another interesting consequence is the possibility 
of relations between mixing angles and mass ratios (see section 3). 

Let us present an explicit example. The symmetry is of the type ( p.l5|) with breaking 
parameters 

~ A^, £2 ~ A^ (2.20) 

(To explain \Vus\ ~ A, we always need either p = lorq~p=l.) There are four models 
that reproduce the order of magnitude relations of the master model. This is a result of 
two possible choices for the charges of each of di and ui: (0, 1) or (3, —1). In one of the 
four models the charges are: 



(2.21) 



Qi Q2 Qs d-i d2 ds ui U2 Us 

(0,1) (1,0) (0,0) (3,-1) (1,0) (1,0) (0,1) (-1,1) (0,0) 

The mass matrices have the order of magnitude entries 

ei^ eie2 £162 

M'' ~ {<Pd) I 1 ^^^^ 1 ^^^^ ^ 1 _ ^2.22) 



ei ei 
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We see that each entry in the mass matrix is either of the same order of magnitude as 
in the master model, or zero. When we take into account the fact that Ti is discrete and 
not continuous, we find that the vanishing entries are modified but stiU very suppressed 
relative to their values in the master model. It is again straightforward to check that these 
mass matrices lead to mixing angles and mass ratios as given in ( |1 . 2| ) and ( |1.3| ). 

The order of magnitude estimates of the squark mass-squared matrices in this model 

are: 

Mil - Mil ~ ( eies ei | , (2.23) 

/ 1 ei^e2 ei^e2\ 
Mlil ~ I ei^es 1 1 1 , M^l ~ | ei 1 eies | , (2.24) 

{Mtl),,^mMf^, {Mll\,^rhMr^. (2.25) 

2.3. Quark Squark Alignment 

For generic squark masses, box diagrams with squarks and gluinos give unacceptably 




large contributions to neutral meson (iiT, B and D) mixing |14]. The standard solution 
to this problem is to assume that squarks are degenerate to a very good approximation. 
This is not motivated in generic supergravity models or string theory, though it may hold 



under special conditions |15]. Both squark degeneracy and proportionality of trilinear 



Higgs-squark couplings to Yukawa couplings can be natural if supersymmetry breaking 



is communicated to the light particles by gauge interactions [|T6[, or in models with a 
non-Abelian horizontal symmetry [^. 

In reference an alternative mechanism to suppress squark contributions to FCNC 
was suggested: the approximate alignment of quark mass matrices with squark mass- 
squared matrices. The idea is that a horizontal symmetry, of the type discussed in this 
work, forces both M*^ and M*^^ to be approximately diagonal in the basis where the hor- 
izontal charges are well defined. Consequently, the mixing matrix for quark - squark - 
gluino couplings is close to a unit matrix and FCNC are suppressed, regardless of whether 
squarks are degenerate or not. 
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To make the discussion concrete, we define the diagonahzing matrices for quarks, 

VlW'V'^ =diag(mrf,m„mb). 



(2.26) 

V^M^Vl^ =diag(m,,m„mt). 



for down squarks. 



VtMliVl' =diag(m^- ,m|^,m^ ), 

(2.27) 

^i^M^fl^=diag(m5^,m?^, " ' 



and similarly for up squarks. Here we assume m ^ ^<^u,d)- Then, the CKM matrix is 
V = V^V^\ while the mixing matrices for gluino interactions are 



(2.28) 



Various FCNC processes, and in particular the mixing of neutral mesons, put upper 
bounds on elements of the Kj^ matrices (M = L, R; q = d,u). The bounds are particularly 
strong on 



m) = ^{KlUK'kh- (2-29) 
For rrig = m = 1 TeV , the bounds areii 

Amx ^ (i^^,)i2<0.05, (^1^2)^0.006, 
eK ^ (K^,)i2<0.004, (i^i^2)<0.0005, 

Amu ^ (K]^,)i2<0.1, (^^2)^0.04, 
Ams ^ (K^,)i3<0.1, (Ki^3)<0.04. 
A few points are in order regarding these constraints: 
(i) There are also bounds on the mixing matrices = V^V^^ and i^^^ = V^Vl^ 

However, these bounds are easily satisfied in our framework and we do not present 
them here. 



(2.30) 



(2.31) 



^ Usually, these bounds are applied to the off diagonal entries in the squark mass matrices in 
the basis where the quark mass matrices are diagonal. When the squarks are not even approx- 
imately degenerate, as is the case in our discussion, the bounds are on the matrix elements of 
K. 
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(ii) The bound on ex is valid only when we assume that all CP violating phases are 
arbitrary and of order one. 

(iii) We emphasize that there is an ambiguity of a factor of a few in these bounds, coming 
from the exact value of the rfi scale; from possible differences between the gluino 
mass rrig and the average squark mass m; and from hadronic uncertainties in matrix 
elements of quark operators. 

Generically, the horizontal symmetries employed in our various models give 

iK^)^2<X. (i^fl)i2<A, (i^")i2<A, 

{Kl)^2<X, TO)l2<A^ (K")i2<Ai, (2.32) 
iKl)^s<X^ (i^fl)i3<A, (i^")i3<A2. 

This means that the main problem is the suppression of the squark contributions to Auik 
and €k', the contributions to Am^i and Ams are generically suppressed to just an ac- 
ceptable level. We now describe a class of models that we call "Quark-Squark- Alignment" 
(QSA) models, in which squark contributions to AMk and to ex are highly suppressed 
and ( |2.3C1| ) is satisfied. 

We again focus on models with tan/3 ~ 1 and mb/rrit ~ A^, but models with satisfac- 
tory quark-squark alignment exist also for tan/3 ~ mt/mh or for rrib/mt ~ A'^. The main 
problem is to avoid (V^)i2 ~ A and (V^)i2 ~ A, while keeping the CKM values \Vus\ ~ A 
and iKbl ~ A^ The expressions for the elements of the diagonalizing matrices in terms of 
elements of the mass matrices are given in Appendix A. Using these expressions, we find 
that, to satisfy (p. 301 ), the following entries in M'^ have to vanish: Mf2, -^215 either Mf^ 
or M32 and either Mgj^ or M23. We stress again that when we say that a particular Mfj 
vanishes, we actually mean that it would vanish if 7i were continuous. However, as 7i is 
discrete, Mfj is not zero but only highly suppressed compared to its value in (|2.6| ). 

It is impossible to get vanishing (or suppressed) entries in models with H = U{1). We 
therefore scanned models with Ti. = U{1) x U{1). Some models with ei = A^ and €2 = A^ 
give satisfactory quark-squark alignment (such a model was presented in ref. 0), but run 
into other phenomenological problems. Specifically, \ Vtd\ is highly suppressed, leading to an 
unacceptably small B — B mixing. On the other hand, we found many acceptable models 
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with ei = A and £2 = that lead to satisfactory suppression of the squark contributions 
to Am^ and e^. The down quarks mass matrix in these models is always of the form 

/A4 A3\ 
M'' ~ {cPd) p A2 A2 , (2.33) 

Vo 1 y 

which leads to the following order of magnitude estimates: 

(l^/)l2~A^ (y^)i2~A^. (2.34) 

Let us present one explicit example, which has also interesting implications for CP asym- 
metries in B decays: 



Qi Q2 Qs di d2 ds 

(3,0) (0,1) (0,0) (-1,2) (4,-1) (0,1) 



(2.35) 



For the down squark masses, we find in this model 



Mtl ~ I eih2 1 62 I , (2.36) 



M^l ~ rh' I 61^62^ 1 61^62' I , (2.37) 

eie2 ei^e2^ 

{Mllh-rhMf^. (2.38) 

This gives 

(V^/)l2~A^ {Vi)i2-X'\ (2.39) 
which, together with eq. ( |2.34| ), leads to 

(Kf)l2~A^ (K^)i2~A^ (2.40) 







1 




£2 




ei £2 


6162 


1 


£1^62 


ei £2 


1 



consistent with ( |2.30|) . 

Let us now see how the constraint on Auid in eq. (|2.31| ) is satisfied in this model. 
For that, we have to assign horizontal charges to the Ui fields. Take as an example 

^^1 U2 Us .2 411 

(-1,2) (1,0) (0,0)- ^^-^'^ 
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The constraints on (i^^)i2 and {K^)i2 are easily satisfied, but the constraint on {K1)i2 is 
only barely so. Then the model predicts that AmD is very close to the experimental upper 
bound. This is actually not just a feature of the model presented here, but a crucial test 
of the quark-squark alignment idea: in all QSA models, (V^)i2 is highly suppressed and, 
therefore, {V^)i2 must be equal to the Cabibbo angle, namely (V^)i2 ~ A. This gives 

(i^L)i2~A, (2.42) 

which is at the order of the upper bound. The conclusion is that in all QSA models, D — D 
mixing is orders of magnitude above the Standard Model and should be very close to its 
present upper bound. 

The QSA model presented here has also interesting implications for S-physics. A 
rough estimate of the ratio between the SUSY contribution to B — B mixing and the 
Standard Model one gives 

\M^2iB')\s^SY ^ 250[{Kt)ls + {K^fis] + 2500{Kf,)^, (2.43) 



|Mi2(S0)|sM 



where we used vacuum-insertion approximation for the various matrix elements and a scale 
m ~ 1 TeV. From equations ( PT^ , ( |Z^ , ( I^T^ and ( ^ ) we find 



(Kf)i3~A3, (i^^)i3~A3, (2.44) 

which gives '^^M^l^s^ofi^^ ~ 0.15. While this contribution is small enough to satisfy the 
AniB constraint in ( p.31|) , it may lead to observable effects in CP asymmetries in B decays. 
It is important here that the quark-squark alignment is precise enough to satisfy the 
constraint: this means that we have no reason to assume that the new CP violating phases 
in the K'^ matrices are small. With new phases of 0{1), and with magnitude which is 
(9(0.15) of the Standard Model one, the shift from the Standard Model predictions in CP 
asymmetries in the decays of neutral B into final CP eigenstates may be as large as (9(0.3). 

The potentially large effect on CP asymmetries in B'^ decays is not a generic feature of 
quark - squark alignment models. Actually, it is possible to show that, while {K'[)is ~ A"^ 
in all our models of quark - squark alignment, the order of magnitude estimate ( p.44|) is 
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an upper bound on [Kf^i^ in this framework. The fact that the specific model presented in 
this subsection saturates this bound and, therefore, gives interesting effects was our reason 
to present it in the first place. In most other models (i^^)i3 ~ or even A^, so that the 
shift from the Standard Model predictions for CP asymmetries is of (9(0.01) or even less. 
A measurement of the asymmetries may then distinguish among our various models. 
A similar investigation can be made for CP asymmetries in Bs decays: 

|M,,(5.)|susY ^ ^ ^^.^.^j ^ mKt,)\ (2.45) 



|Mi2(S,)|sM 

For models of quark - squark alignment 



(i^^)23 ~ A^ (i^^)i3<A^ (2.46) 

The shift from the Standard Model predictions for CP asymmetries in Bg decays is then 
of (9(0.01). This is probably too small to be experimentally observed. It also leads to the 
interesting situation [|18[ that the angles a, (3 and 7 as deduced from the CP asymmetries 



in B ^ TiTi , B ^ i/jKs and Bg pKs, respectively, would sum up to tt even if there is 
new physics in B^ mixing (this could be precisely the SUSY contributions discussed in this 
subsection!) such that the deduced values of a and (3 do not really correspond to angles 
of the unitarity triangle. 

Summarizing the phenomenological tests of the quark - squark alignment mechanism: 

(i) Squarks are not necessarily degenerate; 

(ii) D — D mixing is close to the experimental bound; 

(iii) CP asymmetries in B^ (but not Bs) decays may differ by up to (9(0.3) from their 
Standard Model values. 

2.4- Higher Order Terms 

So far, we have considered only the dimension three mass terms that arise when we 
assume a low energy effective model with an explicitly broken horizontal symmetry, such 
that terms that break the symmetry by n > (n < 0) units of charge are suppressed by 
A" (are forbidden). With the same minimal set of assumptions, the effective Lagrangian 
at low energies would contain also higher order terms that obey similar selection rules. 
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These terms may have important effects. In particular, they may induce FCNC and affect 
quark - squark alignment. We now discuss these effects. 

First, we consider constraints on four quark operators from FCNC. Take, for example, 
a As — 2 four quark operator Ok- It would appear in the effective Lagrangian in the 
generic form 

g|OK, (2.47) 

where Fk is a dimensionless coefficient that includes all suppression factors, such as powers 
of A" or powers of l/(47r)^ if it first appears at the .^-loop level in the full theory, and M 
is the scale below which the effective Lagrangian description holds. Let us further define 

We similarly define the coefficients and matrix elements for Ac = 2 and Ab = 2 opera- 
tors. Then the requirement that four quark operators do not contribute more than the 
experimental values of (or bounds on) neutral meson mixing yields 



{^J XkFk 1600 TeV Am^, 

^XkI^ Fk) 20000 TeV e^, 

yJGFh 570 TeV Amn, ^ ^ ^ 

VXbFb 530 TeV Atub- 

Since our framework incorporates Abelian horizontal symmetry, there is no symmetry 

reason to forbid four quark operators of e.g. the form {Qi^^Ql){Qj^ij,Q^j), i,j = 1,2,3 

(and similarly for di and Ui). These terms are neutral under Ti, and therefore are not 

suppressed by powers of A. When rotating to the mass eigenbasis, FCNC operators are 

induced. In particular, some combination of As — 2 and Ac = 2 operators is unavoidable. 

The weakest constraint corresponds to the case {V^)i2 = 0, {Vj^)i2 ~ A (as in models of 

quark - squark alignment). It comes from Amo with Xd = 1 and = A^ (assuming 

that the operator arises at tree level in the full theory): 

M> 100 TeV. (2.50) 

If (V^)i2 ^ A, as is the case in many of our models, then a stronger bound from Auik 
holds: 

M> 300 TeV. (2.51) 
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If, in addition, lm{FK) is comparable to the real part, then an even stronger bound from 
Ck holds: 

M> 4000 TeV. (2.52) 

Additional and potentially stronger bounds arise if non-diagonal four quark operators 
are not horizontally suppressed. For example, there are four operators that may contribute 
to K — K mixing (we take into account only SU{2)l x U{1)y invariant terms): 

OiK = Q2rQ\Q2rQl (x^^^ = 1), 

02K = dlrdidlj^d,, (X]^+^ = l), 

(2.53) 

OsK = Q2rQ\ dl-f^di, {X^-^ ^ 3.6), 
04K = Q2d, dlQl (X^-^^4.4). 

However, only O^k and O4K could avoid horizontal suppression. This would happen if 

if,(Qi) - H,{Q2) = H,{di) - H,{d2). (2.54) 

OiK and O2K are always horizontally suppressed and therefore give bounds that are not 
stronger than ( |2.51| ). Also, the analogous Ac = 2 and Ab = 2 operators are always 
horizontally suppressed. (This is simple to see, as a necessary result of ( p.54|) is mi/rrij ~ 
V^y) In models where the operators O^k and O^k are not suppressed, the following 
bounds apply (again, assuming that they are induced by tree diagrams in the full theory): 

M> 3000 TeV, (2.55) 

and with CP violating phases of order one, 

M> 40000 TeV. (2.56) 

For the various explicit models presented in this section, we find 
(i) In the master model, ([234D is fulfilled (see (U)) so that M>3000 TeV. 



(ii) In the model of subsection 2.2, (|23|) is not fulfilled (see ( |2:2TD ) so that M>300 TeV. 
However, with a different choice of charge, (ii(0, 1), as made in [|10|, (|2.54| ) is fulfilled 
and M>3000 TeV. 
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(iii) In the quark - squark alignment model of subsection 2.3, (|2.54| ) is not fulfilled (see 
(im)) so that M >100 TeV. 

Next we discuss bounds on the scale M that arise from terms involving higher powers 
of the scalar fields: 

Qidj(l)d (Jj^^ ; Q^UJ(|)u (^^Jp-^ ■ (2-57) 

These terms violate Natural Flavor Conservation and would contribute to FCNC. In par- 
ticular, for i,j = 1, 2, there would be scalar-mediated tree diagrams contributing to K — K 
and D — D mixing and therefore leading to bounds on M. 

Note that the terms in ( |2.57| ) break U{l)x and therefore one cannot use the simplified 
horizontal charge assignments achieved by U{l)x x U{1)y x U{1)b transformations. The 
allowed powers n and m in ( p.57|) will depend on the true horizontal symmetry. We consider 
here the case n, m = 1. This leads to the strongest possible bounds on the scale M but in 
many of our models n,m > 1 and the bounds are consequently weaker. 

The contributions depend on the intermediate scalar mass. We take the upper bound 
on the mass of the lightest neutral scalar in SUSY, m<^<150 GeV For tan/? ~ 1, 

the strongest bound comes from Am^ (with Fk ~ ^ii^)? while for tan/3 ~ mt/mb, the 
strongest bound comes from AniD (with Fo ~ 

*^^(f/f , (2.58) 

^[4 TeV tan /3 ^ mt/mb. ^ ' 

The contributions to Mf^^ M21 from terms of the form ( |2.57|) may spoil the precise 
alignment in our models of quark - squark alignment (QSA). Requiring that this should 
not happen gives, in this class of models and if n = 1 is allowed, 

M(QSA)>40 TeV. (2.59) 

When the bounds from four quark operators are taken into account, we see that the 
effects of the U{l)x breaking terms on our mass matrices, on FCNC and on quark - squark 
alignment are always unimportant. 
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3. Beyond the Naive Relations 

3.1. IWKbl < IKsl 

As mentioned above, it may turn out ttiat iKjb/Kfel is not of ttie same order of magni- 
tude as \Vus\, namely that the naive model-independent prediction of our framework fails. 
We now show that, under special circumstances this naive prediction can be modified while 
all other order of magnitude relations are maintained. We will present a model where 

|Ks|~A, |Vcb|~A^ |Kb|~A^ (3.1) 



We will see that to produce (|3.1|) , we need a specific discrete symmetry. 

To suppress \Vub\ below A'^, certain entries in the mass matrices have to be suppressed 
relative to their naive values. Let us first consider the (unrealistic) case of a continuous 
horizontal symmetry, for which each entry in the mass matrix can either get its naive value 
or vanish. Using appendix A we find that the mass matrices have to take the following 
form 

/ A^ A^ \ / A^ \ 

~ {(t)d) A5 A4 AM , ~ A5 A3 A^ . (3.2) 

VA3 A2/ \A3 A 1 / 

Some additional entries may vanish, but not all of them. In particular, to produce \Vus\ ~ 
A, we need ~ A. 

As long as the effects of the discrete symmetry are negligible, the mass matrices ( |3.2| ) 
give \Vub\ ~ A^. If additional entries are zero, the value of \Vub\ may be even further 
suppressed, but it will always be an odd power of A. To obtain (|3.1| ), the effects of the 
discrete symmetry have to play a role. In particular, it must allow at least one of the 
following four options: 

(i) Mf3 ~ A4; (ii) Mf2 ~ A5; (iii) Mfg ~ A6; (iv) ~ A^. 

It is impossible to produce the required structure within a model with a single U{1). 
Considering models with Ti = U{1) x f/(l), we find that the required structure cannot be 
produced in models with ei ~ A^ and e2 ~ A'^, but it can in models of with ei ~ A and 
A^. There is a very large number of models with this pattern of symmetry breaking 
that produce ( pT^ ) and (|1.3| ). The charges of all fields except and us have more than 
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one option. For example, the charge of ds could be either (2, 0) or (0, 1). Quite a few of 
these models give mass matrices of the form ( |3.2|) . We choose to present one example, to 
demonstrate that the desired suppression of \Vub\ is possible. 

The model that we choose as an example has the following set of charges: 

Qi Q2 Q3 di d2 ds ui U2 U3 /q o\ 

(-5,4) (-2,2) (0,0) (7,-2) (6,-2) (2,0) (11,-4) (3,-1) (0,0)' ^^'^^ 

Actually, for Qi(— 5, 4) there is only a single choice for the charges of all other fields except 
for di and ui. The latter ones do not affect the required zeros. The choice of their charges 
in (|3.3| ) is correlated with the choice of discrete symmetry below, and is motivated by 
considerations that go beyond the low energy framework - we explain this in subsection 
4.3. 

We would like to introduce a discrete subgroup of the above symmetry such that 
\Vub\ ~ A^. As mentioned above, one of the ways to do it is to lift the zero in Mfg and 
have Mfg ~ A* instead. As the charge of M^^ under U{1)hi x ^^(1)^2 is (—5,4), there are 
two discrete subgroups that would do precisely that: Zg x Z4 and Zj x Z3. With the latter 
symmetry (and the choice of charges for di and ui made in (|3.3| )) we get the following 
mass matrices: 

W ~ I ei^ ei^ , ~ ei^es eies ei^es' | ■ (3.4) 

t2 e,^e2 ei^ / \e^W £1^62^ 1 



It is easy to check that these mass matrices produce the order of magnitude relations (|L 
and (O). 



3.2. Exact Relations between Quark Parameters 

The fact that an Abelian horizontal symmetry could produce zeros (or highly sup- 
pressed terms) in the quark mass matrices, opens up the interesting possibility of (close 
to) exact relation^ between various, otherwise independent, parameters of the quark sec- 
tor. 



Clearly, with a non- Abelian horizontal symmetry it is also possible to find exact relations Q. 
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The model in the previous subsection is an example. In general, \Vtd\, \Vus\ and \Vcb\ 
are independent parameters. Unitarity of the CKM matrix requires (see ( |1 . 1| ) ) 

Vtd = v:,v:, - v:,. (3.5) 

In the previous subsection we presented models where \ Vub\ ~ A|KtsVc6|. Then, the follow- 
ing relation arises: 

\Vtd\ = KsVct,\[l + 0{X)]. (3.6) 

This relation is, of course, consistent with present constraints. (This is a rather trivial 
statement because the best upper bound on \Vtd\ at present comes from CKM unitarity.) 
It is actually the only phenomenologically acceptable relation that involves only mixing 
parameters. 

We searched for close-to-exact relations that involve both mass ratios and mixing 
angles. Our basic assumption is that each entry has either its "naive" value as in eq. ( |2.6|) , 
or it vanishes. (In case that a discrete symmetry replaces a zero entry with one that is 
suppressed compared to the naive one, the same relation would hold but potentially with 
lesser accuracy.) One can find some general rules. For example, no exact relation can 
involve masses of first quark generation. The proof for that is very simple: and niu 
depend on elements of the first column in M'^ and M^, respectively, but none of the mixing 
angles depends on these elements to leading order (see Appendix A for the dependence of 
the mixing angles on mass matrix elements). Similar considerations lead to the following 
conclusion: 

Only a single exact relation could arise in our framework of supersymmetric Abelian 
horizontal symmetry. It requires six entries in the quark mass matrices to vanish: 

/A^ A3\ /A^ 0\ 

M'^ ~ {(Pd)X^ A^ A2 , M'^ ~ {(j)^) A^ A3 . (3.7) 
\ A^ 1 1 / \ A^ 1 / 

It is possible to exchange the second and third columns of M'^ without changing the results. 
Note also that elements of the first columns do not affect the relation, so some of the entries 
there might vanish as well. 
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The exact relation that follows (to order A^) from ( p.7|) is 



mf 



VcbVub 



V, 



Using the values of mixing angles from |T^] and mass ratios from , we have 



m 
m 



0.0010 



+0.0009 
-0.0006' 



VcbVub 



Vus 



0.0007 



+0.0006 
-0.0004' 



(3.9) 



so that the present accuracy in determining the various parameters does not allow a test 
of the idea that an Abelian horizontal symmetry might lead to exact relations. 



4. Spontaneously Broken H 

4.1. Extending the Scalar Sector 

The low energy models described in the previous section can arise naturally if Ti. is an 
exact symmetry of the Lagrangian, and is broken by the VEV of a scalar that is a singlet 
of the Standard Model gauge group and carries one unit of horizontal charge 0. For 
example, the master model requires the existence of a single complex scalar field 5'(— 1), 
with 

(M is the scale at which the information about the spontaneous symmetry breaking is 
communicated to the light fermions.) The selection rule becomes obvious now. For 

H{Q,)+H{dj) =1 > 0, 

(4.2) 

H{Q,) + H{uj) =k > 0, 
the exact horizontal symmetry allows only Yukawa terms of the form 

pd pit 
Cy = ^S'cPaQrdj + -J^S''<PuQ^UJ, (4.3) 

(where the dimensionless Yukawa couplings F?^- = 0{1)). Supersymmetry requires that 
the Yukawa terms are analytic in S. Consequently, cannot take part in the Yukawa 
sector and terms with / < or /c < are forbidden (except for very highly suppressed 
non-supersymmetric contributions) . 
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Models with Ti = U{1)h^ x U{1)h2 need the introduction of two Standard Model 
singlet scalars, and 5*2, with horizontal charges 



5i(-l,0), ^2(0,-1), (4.4) 

and vacuum expectation values 

%^ ~ %^ ~ (4.5) 

where {j>,q) = (2,3) in the models of subsection 2.2 or {j>^q) = (1,2) in the quark - 
squark alignment models of subsection 2.3. We always assume that two separate scales of 
VEVs should break two different symmetries, namely that all VEVs that break the same 
symmetry should be at a single scale. Equations ( f4.4[ ) and ( ^4.5| ) are consistent with this 
assumption, as each VEV breaks a different U{1) factor in 7i. 

4.2. Bounds from FCNC 

The Si scalars couple non-diagonally to quarks. Consequently, they mediate FCNC 
through tree diagrams. Specifically, they induce four quark operators of the type C4 of 
equation ( |2.53| ). As the masses of the scalars is of the order of their vacuum expectation 
values, the scale M of equation (|2.47|) should be replaced by {S). The factor F is model 
dependent. Let us examine a few examples. 



(i) In the master model (see (pD), Fk ~ Fb ~ and Fd ~ Then the 

strongest bounds come from the K system, 

{S)>Q.ATeV ^ M>2TeV, (Am^); 

(4.6) 

{S)>1.4TeV ^ M>7TeV, (e^)- 



(ii) In the model of subsection 2.2 (see (g^), Fk ~ ^t§^, Fb ~ ^ ,g IT" and Fd 



5^. Then the only bound on (Si) which is above the electroweak scale comes 



{S2) 
from eK, 

{Si)>0.6TeV ^ M>13TeV, (e^)- (4.7) 
(iii) In the model of reference [|10|, all elements of assume their naive values, so that 



Fk and Fb are similar to the master model. On the other hand, is suppressed 
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and consequently so is Fd. The resulting bounds are then 

(^2)>0.4Tey ^ M>50TeV, (Amx); 

(4.8) 

{S2)>lATeV ^ M>170TeV, (e^). 

(iv) In the quark - squark alignment models of subsection 2.3, both Fx and Fb are always 
highly suppressed (see (|2.33| )). Fd depends on the charge assignments of the Ui fields, 
but in all cases Fd ^ Jp" ■ If the bound is saturated, then (5*2 ) cannot be lower than 
the electroweak scale. If Fd is further suppressed (as is the case in the example given 
in eq. ( p.41|) ), then no useful bound arises. 

4-3. QCD Anomalies and the Breaking ofU{l)x 

Now, that we have extended our framework to exact horizontal symmetries that are 
only spontaneously broken, we should discuss in more detail the subject of QCD anom- 
aliesi. As mentioned in section 2, QCD anomalies pose no problem because of the U{l)x 
symmetry of the Yukawa sector. Furthermore, we mentioned that U{l)x must be broken 
in some sector in the Lagrangian or else an axion will be generated. We now discuss this 
in more detail. 

We first discuss the case where TC C U{1) with the simplified charges one gets by 
U{l)x X U{1)y X U{1)b transformations. This simplified horizontal symmetry may have 
a nonvanishing QCD anomaly Ajj: 

Ah = J2i^(Q^) + H{ui) + H{di)]. (4.9) 

i 

The true horizontal symmetry is a C U{l)f:j C U{1)h x U{1)x and it must not have 
QCD anomaly, 

A^ = 0(modn). (4.10) 

With H charges given by 

H = aH + bX, (4.11) 



^ We do not discuss SU (2) x U (1) anomalies because they depend on the charges in the lepton 
sector. Since the mixing angles in that sector are not known, these charges are not constrained 
significantly and anomalies can be easily avoided. 
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it is easy to see that H and H constrain the quark mass matrices in precisely the same 
way. However, now 

Afj = aAn + 36. (4.12) 

We can always find appropriate values for a and b so that ( ^.IQ ) is satisfied. 

Having shown that U{l)x can always be used to avoid QCD anomalies, we now discuss 
its breaking. We will assume that U{l)x is broken by terms of the form 



fS'^. (4.13) 



The U{1)h X U{l)x assignments of the scalar fields are (^^(0,-1), (^^(0,0) and S'(— 1,0). 
The interaction (|4.13|) should conserve only Z„ C U{l)fj. We therefore require 



H{{4>d(t>uYS'^) = -aq -bp = O(mod n). (4.14) 



Clearly, there are always solutions (p, q) to the requirement ( [4.14| ) (take, for example 
q — A// (mod n) and p = 3). 

To summarize, QCD anomalies do not pose a problem in our framework: even if 
U{1)h is anomalous, there is always a, C U{l)j^ C U{1)h x U{1)x which is free of 
QCD anomaly and should be considered as "the true horizontal symmetry." Note that the 
anomaly constraint restricts the U{l)x breaking terms, as these should be invariant. 

The extension of this mechanism to models where 7i C U{1) x U{1) is straightforward. 
The horizontal symmetry is an anomaly free Z^ x Z^ and the U{l)x symmetry is broken 
by a {(j)d4>uY SIS2 term. For example, consider the model presented in subsection 3.1. This 
model was constructed to give \Vuh\ ~ A^. The charge assignments under the U{1)h^ x 
U{1)h2 X U(l)x of the Yukawa sector are 



Qi Q2 Qs di d2 ds 

(-5,4,0) (-2,2,0) (0,0,0) (7,-2,1) (6,-2,1) (2,0,1) 

Ul U2 Us 

(11,-4,0) (3,-1,0) (0,0,0) 



(4.15) 



We add a term 



^d(pu)S!S2 (4.16) 
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which breaks U{1)hi x C^(1)h2 ^U{1)x to Z'j-x Z^. Under this symmetry quarks transform 



as 



Qi Q2 Qs di d2 ds ui U2 U3 , . 

(2,1) (5,2) (0,0) (2,0) (1,0) (4,2) (4,2) (3,2) (0,0)' ^^''^^ 



and the scalar fields as 



(t^d (pu Si S2 

(-2,-2) (0,0) (-1,0) (0,-1) 



(4.18) 

The resulting mass matrices are those of equations ( p.4|) . It is straightforward to verify 
that the discrete symmetries are free of QCD anomalies. 

Note that in this model we could not choose an arbitrary discrete symmetry - the 
horizontal symmetry must be Zj x Z^ to give the desired value for \Vub\- However, we 
used the freedom in choosing the horizontal charges of di and ui and the choice of p, g, r 



in equation (4.16), to find solutions to the anomaly equations. 



5. Physics at the Scale M 

5.1. Extending the Quark Sector 

In previous sections we have described the scale M as the scale at which the infor- 
mation about the breaking of the horizontal symmetry Ti is communicated to the light 
quarks, but we have not given any explicit mechanism that would do that. In this section 
we make yet another layer of assumptions: we use the mechanism suggested by Froggatt 
and Nielsen (FN) §. 

The FN mechanism assumes that there are additional quarks that transform non- 
trivially under Ti. These extra quarks come in mirror representations, namely they may 
appear in any of the following representations of SU{'i)c x SU{2)l x U{1)y x U{1)h'- 

P(3,2,+l/6,if) and P(3, 2, -1/6, -if); 

15(3, 1,-1/3, if) and D(3, 1, +1/3, -ii); (5.1) 
C/(3, l,+2/3,ii) and C7(3, 1, -2/3, -if). 

Obviously, the new quarks can acquire heavy masses at a scale M that is much higher 
than the electroweak breaking scale. 

26 



At the scale M we consider the most general 7i-invariant renormalizable Yukawa 
terms. As an example, we show how of equation ( p.22|) , 

2 



ight 




(5.2) 



can be produced in the full theory [|T0[. We add to the light quarks listed in eq. ( |2.21| ) 
three 5'[/(2)-singlet charge +2/3 mirror quarks, 



Ui U2 Us 
(1,0) (0,1) (0,0) 



(5.3) 



and Ui with opposite charges. Then the 6x6 matrix Mf^^ with columns corresponding to 
(wi, Ui) and rows to (Qi, Ui) has order of magnitude entries 



M, 



full 
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{S2) 
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{S2) 


V(^2) 














M / 



(5.4) 



When the heavy quarks at the scale M are integrated out, the resulting Mi^^^it 
three observed generations of up quarks is M" of (|5.2| ) . 

We had to add three U + U fields. This could have been foreseen by the following 
"determinant argument" : The determinant of the light fermions mass matrix is 



which now means 



detMi^ht ~ {<f>u)''e2^ 

mHS2)' 



M3 



(5.5) 



(5.6) 



However, an examination of the structure of M^^^ shows that det ^ is a polynomial in 
{(Pu): {S^) and M. As det M^^^^ = det M^^^^, x det Mj^^^^^, we deduce that det M^^^^^ ~ M'^ 
with /c > 3, so that at least three U + U are required. 

The general rule is then: if detMj^gj^^ ~ {(j)q)^Ilie^% then the minimal number of 
massive g-quarks required is J2i "^i- Thus, for example, as for the same model (see ( p.22| )) 

light 
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detM,f„v,^^ ~ {<pd)^^i^j at least six massive D + D (or P + P) are required. An explicit 



realization is given in ref. |1C]. As another example, in the master model detM^i^gj^^ ~ 
(</'d)A^^, so at least twelve D + D are required, and detMj^gj^^ ~ (0y)A^, so at least nine 
U + U are required. The number of massive quarks will be important in our discussion of 
Landau poles in subsection 6.1. 

5.2. Bounds on M from FCNC 

With a full theory for physics at the scale M, we can check whether the four quark 
operators discussed in subsection 2.4 indeed arise and calculate the F coefficients. We find 
that, if baryon number is conserved, the massive colored supermultiplets cannot contribute 
to neutral meson mixing in tree diagrams. Instead, the leading contributions come from 
box diagrams with intermediate heavy D or U quarks and Si and (pq scalars. An explicit 
calculation gives that the F coefficients are suppressed by a factor ~ l/47r compared to 
the estimates in subsection 2.4. 

The following bounds then hold on the scale M of extra heavy quarks: 

(i) Cabibbo mixing shows that the weakest bound that applies to all models (coming 
from Amo) is 

M>10 TeV. (5.7) 

(ii) In models where (V^)i2 ~ A, a stronger bound (coming from Amx) holds, 

M>25 TeV. (5.8) 

(iii) In models where Ini[(V^)ii(Vj^)i2] ~ an even stronger bound (coming from ex) 
holds, 

M>300 TeV. (5.9) 

(iv) In models where H{Qi) —H{Q2) = H[di) —H{d2), a bound from ArriK stronger than 
(p|) holds, 

M> 250 TeV. (5.10) 

(v) In models where H{Qi) —H[Q2) = H{di) —H{d2), and there are CP violating phases 
of order one, a bound from stronger than (|5.9|) holds, 

M> 3000 TeV. (5.11) 
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This can be easily applied to the explicit models of section 2. The master model is 
constrained by ( |5.10|) and possibly ( ^.111) . The model of subsection 2.2 is constrained by 
( p78|) and possibly (|5.9|) (but its version presented in has the same constraints as the 
master model). Models of quark - squark alignment are constrained by ( |5.7] ). 



6. Physics Above M 

6.1. Landau Poles 

The explanation of the physics responsible for the hierarchy in the quark sector pa- 
rameters is now complete. It involves two scales (beyond the electroweak breaking scale): 
the scale of spontaneous 7i-breaking, {S) (this might happen in several scales), and the 
higher scale at which the information is communicated to the observed quarks, M. Physics 
above the scale M has no direct bearing on the quark parameters. It may, however, further 
constrain the scale M. 

These constraints on the scale M are a result of the running of the coupling constants: 
we do not allow Landau poles below the Planck scale Mp. Landau poles may arise when 
we add massive supermultiplets that transform non-trivially under S'C/(3)c x SU(2)l x 
U{1)y- In our full framework, as described in sections 2-5, we have, in addition to the 
representations of the minimal supersymmetric Standard Model, the extra heavy quarks 
required for the FN mechanism. To calculate the running of the coupling constants up to 
the Planck scale, we need to know also the particle representations and the gauge structure 
between M and Mp. If we adopt the most conservative approach, namely that the gauge 
group is SU{?>)c X SU{2)l x U{1)y up to Mp, we get a lower bound on the scale M, that 
we denote by Mmin- Alternatively, for a given scale M we can get an upper bound on the 
scale at which the gauge symmetry has to increase - below the location of the Landau 
pole. Below, we present this upper bound corresponding to M ~ 250 TeV and denote it 
byMf. 

In our framework, the one loop running of the three gauge couplings (neglecting 
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threshold effects) is given by 



r . . 7 MsusY , 3 M , 3-iV3 , Mp 

MMp)] =K(m^)] +2^1n--— + -ln^^ + ^— In^, 

[a,(Mp)] + ^ 1^ --— - - In - ^— In ^, (6.1) 

r r r m-i i ^susy 33 M 33 + iVi Mp 

[ai(Mp)] =[«i(mz)] -T^ln—-— -T7T-ln— — 77^1^ 



207r mz IOtt Msusy IOtt M 



where 



ATs = 27Vp + iV[7 + 7Vi5, 

N2 = ^Np + Nl, (6.2) 
= iVp + 8iV[/ + 2Nd + 3iVi + 6iVs, 

with Np the number of mirror quark doublets, Nu the number of mirror up-quark singlets, 
Np) the number of mirror down-quark singlets, the number of mirror lepton doublets 
and A'"^; the number of charged lepton singlets. For the gauge couplings at the scale m^, 
we take 

K(toz)]"^~9, [a2(mz)]"^ ~ 30, [ai(mz)]-i 59. (6.3) 

(Note that [oii{mz)]~^ — ^[a{mz)]~^ cos^ 9w is defined differently from a' .) 

The requirement that there is no Landau pole below Mp gives the following bounds: 



1. No Landau Poles in as 


Ns 






5 


1 




6 


5-102 


2-10^^ 


7 


1 • 10^ 


1 • 10^2 


8 


1 - 10^ 


1 - lO^o 


9 


1 - 10^ 


7- 10^ 



10 



2. No Landau Poles in a2 


N2 


M^^[TeV] 




5 


3-102 


1 - 10^^ 


6 


5-10^ 


1 - 10^4 


7 


2 ■ 10^ 


5 ■ 10^2 


8 


3-10^ 


4-10^1 


9 


3- 10^ 


4-10^0 



3. No Landau Poles in ai 


Ni 




Ml^^\TeV] 


15 


0.3 




16 


3 




17 


26 




18 


2- 10^ 




19 


9-102 


8- 10^^ 


20 


4- 10^ 


4- 10^^ 


25 


1 - 10^ 


3-10^4 


30 


6-10^ 


3-1013 



6.2. Could There Be Low Energy Flavor Physics? 

The reason that we have studied the various constraints on the scales so carefully is 
that we consider the following question as highly important: Could the flavor physics, re- 
sponsible for the hierarchy in the quark sector parameters, be directly observable? Without 
going into a detailed discussion of the possible signatures, let us just estimate for now that, 
in order that the New Physics is observed, at least the lowest of the new scales (typically 
the scale below which the horizontal symmetry is completely broken) should be at the few 
TeV region. Explicitly, we ask whether we could have (5'2)^2 TeV {{S)<2 TeV for a 
single Zn). As {S2)/M>X^ in our various models, we should check whether M<250 TeV 
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is allowed. 

Examining the three Tables above we see that to have low energy flavor physics (and 
no modified gauge symmetry below Mp), we need < 6, N2 < 5 and A^i < 18. These 
constraints are very diflacult to satisfy. For example, we can only allow Np < 1 and 
Nu < 2. It is straightforward to see that in all our models, to explain <^ rric ^ m^, 
at least three massive up quarks are required; to explain rud <^ rus <^ rrib <S mt with 
tan/? ~ 1 at least five massive down quarks are required; and if we wish to explain the 
hierarchy in lepton masses in a similar way, a large number of massive charged leptons (at 
least six with tan/3 ~ 1) is required as well. Then it is hopeless, under our assumptions, 
to have low energy flavor physics. 

One way out of this grim conclusion is to give up the most speculative part in our 
theory, for example, allow a change in the gauge structure not too far above M. Then, 
we should not worry about Landau poles. The constraints from FCNC are much weaker 
and allow many of our models to have flavor physics at the TeV scale. For example, in 
all models of quark - squark alignment, if we ignore the Landau poles constraints, M of 
order 10 TeV and (S) below TeV are allowed. 

But for now, let us adopt our full framework, namely spontaneously broken H at 
a scale {Si), mirror quarks at M, and neither new particles nor new gauge structure 
above M and up to Mp. Then, to allow low energy flavor physics, we have to give 
up some of the ingredients in our models that necessitated the large number of massive 
supermultiplets. First, we should better work with Ti, = Zm x symmetry and ei ~ A^, 
€2 ~ breaking parameters. This, as explained in subsection 5.1, allows lower powers of 
Ci in the determinant and hence fewer massive quarks. However, in addition we have to 
modify our estimates of two parameters: 
(i) rriu = 0. 

What we mean here is not that the bare mass of the up quark is highly suppressed but 
finite - that would require many more massive Us. Wc need a bare mass that is exactly 
zero (up to non-perturbative QCD effects that would generate its value as determined 
from meson masses). Then, the FN mechanism should account for rric <S mt only, 
which can be done with a single massive U or P. 
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(ii) tan /3 ~ mt/mfc. 

For a large tan (3, the FN mechanism is not responsible for mh/mt. To account for 
nid ^ rus ^ TJib, only three massive Ds or Ps are needed. (For recent discussions of 
how to naturally produce tan/3 ^ 1, see [pT|.) 

Let us give an explicit example [0. Take the model presented in subsection 2.2 and 
modify it to the case m^j = 0, tan/3 ~ nit /mi,. This can be done, for example, by modifying 
the charges in (|2.21|) to 



Qi Q2 Qs di d2 ds ui U2 

(0,1) (1,0) (0,0) (2,-1) (0,0) (0,0) (-1,1) (-1,1) 

The mass matrices have the order of magnitude entries 





Us 

(0,0) 



(6.4) 



(6.5) 



Note that has a zero eigenvalue. Then 



detM 



d 



(6.6) 



imply that a full theory could be constructed with a single U and three -Ds. We choose to 
construct the massive sector with one doublet P and three -Ds: 



P Di D2 Ds 

(1,-1) (1,0) (0,1) (-1,1). 

The 4x4 matrix M^^^^ with the fourth row (column) corresponding to P{P) is 



Mr ~ 



/O 



Vo ((/>.) 










\ 



M ) 



Mr ~ 




(6.7) 



while the 6x6 matrix Mf^^^ with rows corresponding to (Qi, Di) and columns to 
is 



^full ~ 



(6.8) 

(C^^, A) 






















































(Si) 


(Si) 


M 











{S2) 


{S2) 





M 




V(^i) 














M 1 



(6.9) 
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leading to Mjfgj^^ of eq. (|6.5|) . 
In this model, 

iV3 = 5, N2^3 + Nl, Ni = 7 + 3Nl + 6Ne. (6.10) 

The constraints from the Landau poles do not exclude M in the few hundreds TeV region, 
though with A''^ = 2 and A''^; = 1 the bound would rise to 900 TeV. The Landau poles 



constraints are even weaker for the model of with = and tan/3 ~ mt/mb'- there 



we could use the FN mechanism with one massive doublet and two massive down singlets, 
which would allow the addition of three massive charged leptons with M ~ 300 TeV . 
However, in the latter case the bounds from four Fermi operators are between 250 TeV 
(from Amx) and 3000 TeV (from e^), depending on the phase. 

To summarize, models with Ti C U{1)h^ x U{1)h2 ai^d breaking parameters ei ~ A^, 
€2 ~ A^, are viable candidates for low energy flavor physics {{S2) ~ 2 TeV) provided 
that (i) rriu = (at high energies) and (ii) tan/3 ~ mt/rrii,- Scanning all such models, we 
found only two examples where, under special circumstances, (S'2) can be at the TeV scale: 
the model of subsection 2.2, if lepton masses do not all come from FN mechanism, and 



the model of reference [jT^, if CP violating phases in box diagrams involving the massive 
quarks are suppressed. Also, if the gauge structure changes above M, then many of our 
models could, in principle, have their flavor physics at low energy. 



7. Small Hierarchy From Large Hierarchy 

Let us assume that the horizontal symmetry is 

C C/(1)h X t/(l)x. (7.1) 

If U{l)x is broken by a term S'^~^((f)u(t>d)/Mp~^ in the superpotential W, then all the 
following terms will also appear in W: 

[n/2] 

^ = E AmS-'-'i<P^<P,r, (7.2) 

P m=0 
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where A^, are dimensionless coefficients of order one. Tliis contributes to tfie Higgs po- 
tential, = \dW/dS\'^ + \dW/d^u? + \dW/d^d?: 



n.,k=0 ^ (7.3) 



^2(n-m-k-l) r^^^^m+k 



In addition tfiere are SUSY D-terms, 

_ 7-> I J. |4 , 7-> I J, |4 , 7-> I J. |2| i |2 



= Dd\<l>dr + + Dud\<t^u\'\<Pd\, (7.4) 

soft SUSY breaking terms analytic in the fields, 

~ ["/2] 

= E B^S^-'^icj^M-^. (7.5) 

P m=0 

and A-terms, 

= m\Cs\S\^ + + Cd\M^). (7.6) 

Di, Bi and Ci are all dimensionless coefficients of order one, and m is the SUSY breaking 
scale. 

The extremum equations, 

dV dV dV 

oS d(j)u ocpd 

have a solution of the form: ^ 

m;) ' ^'-'^ 

{(pu) ~ {(pd) ~ rh. (7.9) 

It is easy to check that, even though the potential for the various scalar s is very flat, 
all scalars acquire masses larger than or of order rfi. There might, however, be cosmological 
problems with such scalars whose couplings are very weak. 

This solution has some attractive features: 
(i) The so-called //-problem in SUSY is solved. The horizontal symmetry forbids a term 

4)u<Pd in the superpotential. Equation ( [7.9|) implies that the electroweak breaking scale 

is naturally at the SUSY breaking scale. 
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(ii) Out of the large hierarchy between the SUSY breaking scale m and the Planck scale 
Mp, we can naturally produce a smaller hierarchy of scales {Si), as can be seen from 

As an example, consider the models of reference described in subsection 2.2. 
There we need hierarchy of scales: 

(^2) : (^1) : M ~ 1 : 5 : 125. (7.10) 

Let us assume that the scale M is the spontaneous breaking scale of some additional 
discrete symmetry by a vacuum expectation value of a scalar field (5*3). Then, if the full 

discrete symmetry is Zj x Zq x Zio, we get from ( |7.8D 

1/4 



(^2) ~Mp (^^^ ~ 10^^ GeV, 

/ ~ \ 1/5 

(Si) r^Mp ( ) ~ 6 X 10^^ GeV, (7.11) 

/ ~ \ 1/8 
(^3) -Mp {-^\ ~ 10^^ GeV, 



consistent with (|7.10| ). 

Note that if the relevant large scale is indeed Mp, as we assumed in this subsection, it 
is very difficult to produce a low energy horizontal symmetry. With n = 3 we get (5") = m. 



but forn > 4 we get {S) > y/rhMp ~ 10^ TeV. 

It could in principle be that the scale in the denominator of the non-renormalizable 
terms of the Higgs potential is lower than Mp. It could even be that there is a ladder 
of scales, one for each broken symmetry. This would of course enable one to produce a 
hierarchy of relatively low scales. 



8. Conclusions 

Abelian horizontal symmetries could explain in a simple and natural way the small- 
ness of the quark sector parameters and the hierarchy among them. The master model, 
presented in subsection 2.1, demonstrates that a simple Abelian group, with a single not- 
so-small breaking parameter, and "reasonable" horizontal charges, could account for the 
fact that the hierarchy in the quark sector parameters spans five orders of magnitude. 
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It would be much more difficult, however, to have convincing evidence that such a 
symmetry is indeed responsible for the hierarchy. As far as the quark mass ratios and mix- 
ing angles are concerned, the symmetry explains eight order of magnitude relations but 
predicts only one. The fact that this single prediction is indeed consistent with present 
measurements is encouraging but can hardly be taken as evidence for the horizontal sym- 
metry idea. 

The simplest way in which the existence of a horizontal symmetry could be revealed 
is by direct observation of new particles related to flavor physics. Though not absolutely 
necessary, we flnd that it is likely that the mechanism that produces the hierarchy in the 
quark parameters requires the existence of extra scalars with flavor changing couplings 
and massive mirror quarks. A crucial question is then whether these new particles could 
have masses at scales accessible to experiment!, say a few TeV. We flnd that this is not a 
very likely possibility but not impossible. If we are fortunate to have flavor physics at low 
energies, it probably means that the bare mass of the up quark vanishes (thus providing a 
solution to the strong CP problem) and that tan/3 is large. 

Whatever scale we associate with the New Physics, it may have many other interesting 
consequences: 

(i) A horizontal symmetry could align quark mass matrices with squark mass-squared 
matrices in a precise enough way to suppress SUSY contributions to neutral meson 
mixing. If squarks are found, and if they are non-degenerate, a horizontal symmetry is 
almost unavoidable. Another crucial test to the quark - squark alignment mechanism 
is that D — D mixing should be close to the present experimental upper bound. 

(ii) An Abelian horizontal symmetry could lead to an exact relation between the param- 
eters, ml /ml = \ VcbVuh/Vus\- 

(iii) A horizontal discrete symmetry has a natural mechanism to generate the hierarchy 
among scales of spontaneous symmetry breaking. It can solve in a simple way the 
//-problem of supersymmetry and provide a natural explanation to the fact that the 
electroweak breaking scale is close to the SUSY breaking scale. 

^ We should note here that if Ti is spontaneously broken at low energies, there might be 
cosmological problems with domain walls. 
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While none of these possibihties is a necessary consequence of a horizontal symmetry, 
they may provide support to the idea that the hierarchy in the quark sector parameters is 
a result of such a symmetry. 
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Appendix A. Diagonalizing the Quark Mass Matrices 

We would like to estimate the elements of the diagonalizing matrices V^,j (M = L 
or R, q = u or d) of the mass matrices as defined in ( |2.26| ). We follow the formalism of 



reference |22] with some modifications which are appropriate for our case. We present the 



Vl matrices as 



1 -^12 0\ / 1 -^13 \ /I 

Vl=\si; 1 1 1 I . (A.l) 

ij {si; 1 J \o si; i 

is given by a similar formula, with s\ replaced by s'-^. is 



= I s[f l'' I I 1 I I 41 -41 I . (A.2 

1/ \s[f 1 / Vo 4t 4t 

The difference between and the other V^s stems from the fact that we allow M/2 ~ M/3 
(i = 1, 2, 3), as is the case in many of our models. Below we give the leading contributions 
to the diagonalizing parameters s^jf^ and s'^f^ in terms of the mass matrices. 

Starting with the up sector, we assume that there is a hierarchy between all rows and 
all columns and define: 

y^j - j^- (A.3) 
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1 -s[% 0\ / 1 -s\%\ /I 



Following [22|, we also introduce the notation: 

^22 =1/222/33-2/232/32, (A.4) 

(1^22! = Wc/rnt). Then, the s^- mixing angles are 

u ^yt2 , ViiVTi _ 2/r3(2/3"2 + 2/232/22) _ 2/n2/3r (2/2^3 +2/322/22) 

^2^2 1^221' ^22 1^221' 

«13 =yi, + VllVTl + 2/^2(2/32 + 2/2^2 2/2^3) + 2/ri2/2r(2/23 + 2/2^22/32 ), ^^'^^ 

■^23 =2/23 + 2/222/32 ■ 



The s^^ mixing angles are given by formulae similar to ( [A .51 ), with the replacement y 
Turning to the down sector, we define 



il 



2/i2 



2/*3 



, _M^Mg+_M^Mg_ 
\M^2\' + \Mis\' 



Then, the sfj mixing angles are 



The s'^'j mixing angles are 
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(A.6) 



d _yi2 I 2/lli/21 _ „ d d* _ 2/lli/31 2/23 

''~yi2 l2/2^2P '''''' \yi2\' ' 
^^3 =2/1^3 + ynvti + yi2yiiyi^ + ytiyilyt,. ^^'^^ 

"5 23 =2/23- 



,,d* „.d*„ d „.d*„.d* „.d*„ d „ d* 

^/d _ 2/21 I 2/11 i/12 _ 2/312/23 _ 2/11 2/132/23 

''"2/2^2 I2/I2P 2/21 2/2I ' 

=2/fi + 2/i'r2/i'3 + yilyi^ + ytiyi2yilyi^. 

Id ^32 d* d (A-^) 

jd _ 

^23 



If M32 = (as happens in most of our models), one may alternatively define: yf^ = 
Mfj/M!^^. Then (|AJD and ( \K^ ) stiU hold, except the last equation in (|A]|) which should 
be replaced by C23 = 1. We stress that the above formulae give the leading contribution to 
the mixing parameters (when expanding in powers of A ~ 0.2), and should not be used to 
extract the next to leading terms, as these may have further contributions. 

The CKM matrix elements are then given, to leading order, by: 



IK.I 


— 1*12 


— 1 
''12h 




\Vcb\ 


— 1''23 


■'23 h 


(A.9) 




— 1*13 


— — Si2('S23 ^ ^23)\- 





Appendix B. Subtlety in the kinetic terms 

So far we ignored the potential renormalization of the kinetic terms. The canonical 
kinetic terms can be modified to 

Y.K^h'd,qj (B.l) 

{q = Q,u,d and z = 1, 2, 3) in a way consistent with the horizontal symmetry (we assume 
H — U{1)hi X U{1)h2 with two explicit breaking parameters ei and £2): 

The mass terms in the Lagrangian, M^. and M^., are constrained by the symmetries: 

when both Hi{Qi) + Hi{dj) > and i?2(Qj) + -^^2(4?) > and zero otherwise and 

when both Hi{Qi) + Hi{uj) > and H2{Qi) + H2{uj) > and zero otherwise. 



^ We thank A. Dabholkar for raising this subject. 

40 



We can rescale the g^'s and mix different g^'s with the same horizontal charges to set 
all diagonal elements of R'^ to one and all off diagonal elements with Hi{qi) — Hi{qj) = 
H2{qi) — H2{qj) = to zero. Then 



= + (B.5) 



ij ij 

where r^- = C(ei, 62). 

In order to find the true mass matrices, the fields qi should be redefined: 

q^ = V^q^ (B.6) 

where satisfy 

yjyjt = (i^?)-!. (B.7) 

(The matrix is hermitian and positive definite. Therefore, eq. ([B.7| ) has a solution. 
The ambiguity in the solution under multiplication of from the right by a unitary 
transformation can be fixed by imposing that is hermitian.) The true mass matrices 
are then 

We should now ask: What are the consequences of the distinctions between M and M'? 
To answer the question we have to analyze the situation more carefully. Clearly, 

V'i = {VlTV^)-^ = l-\r'i + 0{{r'if). (B.9) 

The matrix elements of are of the same order of magnitude as those of i?"^. To show 
that, we should make sure that no element of a power of r'^ is larger than that of r"^. This 
fact follows from 



^ (B.IO) 



k 

We conclude that 



- (B.ll) 
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Consider now the master model with only a single U{1) and all charges non-negative. 
Without loss of generality we can limit ourselves to M'^: 

M"^ = Vy^M^y^' \^ x\H{Q^)-H{Ql)\ ^H{Qi)+Hidk) y^\Hidj)-H{dk)\ _ ^H{Qi)+H{dj) 
ij / _j li Ik kj / J ' 

Ih Ik 

(B.12) 

where in the last step only terms in the sum over I, k with both H{Qi) — H{Qi) > and 
H{dj) — H{dk) > contribute. We conclude that the numbers of order one in M can 
change but the order of magnitude is unchanged. 

Next, consider more complicated models with two t/(l)'s. By expressing ei and 62 in 
terms of A and using ( [B.12D , it is clear that the order of magnitude of the various entries 
in M cannot be modified. The only danger is that we might lift some of the zeros in M. 
Again, without loss of generality we can limit ourselves to M*^: 

tj / _j li Ik kj / J -1- ^ 

Ik Ik (B.13) 

Hi {Qi)+Hi (dfe ) ^^H2 (Qi)+H2 (4 }^^\Hi (d, ) -Hi (4 ) I I ^2 (^"^ ) "^2 ) I ^ 

where the sum over /, /c is restricted to terms with both 

Hi{Qi)+Hi{dk)>0; and ifslQz) + ^2(4) > 0. (B.14) 

Every term in the sum is smaller than or equal to ej^^i(<3i)+^^i('^j)e2''^2(Qi)+'f^2(c!j) -^^ith 
equality only when 

Hi{Q,)-Hi{Qi)>0, 
H2{Qi)-H2{Qi)>Q, 

(B.15) 

Hi{dj)-Hi{dk)>Q, 
H2{dj)-H2idk)>0. 

Using (p.l4|) and ( P.15| ) it is easy to see that this is possible only when both Hi{Qi) + 



Hi{dj) > and H2{Qi) + H2{dj) > 0, i.e. only when Mfj 7^ 0. However, in the case of 
interest with Mfj = 0, all the terms in the sum in ( B.13|) are smaller than the value in the 



master model ei^^^^^^^^^^'^^^ 62^'^^^^^'^^'^^'^^^ by at least by one power of max(ei,e2). 

We conclude that the renormalization of the kinetic terms can modify the numbers of 
order one but cannot lift the zeros in the mass matrix to their master model value. 
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In the aligned model we needed much better accuracy. The zeros were not allowed to 
be lifted to a high power of A. Fortunately, no more work is needed in these cases. The 
matrices W are of the same order as the squark mass matrices ^M^, and the matrices 
are of the order of the matrices which diagonalize the squark mass matrices, V^. Therefore, 
the true and which diagonalize the quark mass matrices are of the same order as 
the K matrices of equation ( ^.281 ) and the discussion in subsection 2.3 is not modified. 

Clearly, when the U{1) symmetries are replaced by discrete symmetries which lift the 
zeros a more careful analysis is needed. 

Finally, we mention that if the high energy theory is of the FN type, then further 
suppression of the deviation of R'^ from a unit matrix may occur. Detailed examination 
of the tree diagrams that lead to renormalization of the kinetic terms reveals that it is 
proportional to at least one power of (it could be either ei or £2) and at least one 
power of ej (which, again, could be either t[ or 62). This suppression may go well beyond 
the naive horizontal suppression that we assumed in this appendix, making the effects of 
renormalization of kinetic terms entirely negligible. 
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